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1 3.  Abstract  (cont'd) 

.  missile  control  surface.  The  resulting  intensity  data  are  detected  and  output  via  the  optical  detector 
means,  then  processed  by  the  recorder  means,  which  can  be  either  an  oscilloscope,  chart  recorder,  or 
a  magnetic  tape  recorder,  etc.  Thus,  as  the  control  surface  moves,  by  whatever  means,  the  recorded 
data  provide  a  basis  for  determining  recognition  characteristics  for  the  missile  control  surface,  such  as 
the  direction,  distance,  and  speed  of  the  movement.  When  this  method  is  applied  to  electromagnetic 
testing,  where  a  known  input  is  applied  to  control  the  movement  of  a  control  surface,  one  can  detect 
any  changes  as  a  result  of  the  electromagnetic  influence.  This  paper  discusses  in  detail  the  actual 
method  and  results  of  using  this  approach  to  detect  effects  during  electromagnetic  testing  of  a  missile 
control  surface. 
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1.  Introduction 


The  evaluation  of  a  missile's  susceptibility  or  vulnerability  to  elec¬ 
tromagnetic  (EM)  environments  must  include  an  examination  of  the 
guidance  system.  The  guidance  system  is  the  primary  mission- 
critical  subsystem  of  a  missile,  subordinate  only  to  the  fuzing  sys¬ 
tem.  Although  guidance  system  technologies  vary  considerably 
from  the  myriad  missile  systems,  all  missile  guidance  systems  have 
the  same  end  result,  namely,  "steering"  the  missile. 

The  steering  of  a  missile  can  be  done  in  various  ways,  but,  in  prin¬ 
ciple,  it  relies  on  either  the  deflection  of  aerodynamic  surfaces  or  the 
forced  direction  of  motor  exhaust.  The  efforts  and  outcomes 
described  herein  concern  the  development  of  an  inexpensive  and 
effective  method  of  monitoring  a  missile's  guidance  control.  The 
method  may  be  used  for  any  missile  that  relies  on  a  physically 
moveable  structure  to  affect  steering.  This  method  was  specifically 
developed  to  monitor  the  guidance  system  of  a  missile  while  the 
missile  is  being  subjected  to  various  EM  environments,  but  the 
method  may  be  used  for  many  other  circumstances  under  which 
missile  guidance  must  be  monitored.  In  fact,  the  present  monitor 
system  may  be  used  to  monitor  any  moveable  structure  large 
enough  for  the  attachment  of  a  grey-scale  window. 

The  present  monitor  system  is  particularly  suited  for  EM  response 
testing.  Since  the  lasers  and  the  detectors  are  remotely  located,  the 
missile  and  the  EM  environment  are  not  corrupted.  Furthermore, 
the  grey-scale  window  may  be  made  entirely  of  materials  that  will 
not  appreciably  affect  the  missile  or  the  EM  environment.  Therefore 
it  may  be  stated  that  the  present  monitor  is  non-intrusive  to  a  missile 
undergoing  EM  testing. 


2.  Background 

Several  methods  have  been  used  in  the  past  to  monitor  the  move¬ 
ments  of  missile  guidance  actuators.  These  methods  have  been 
shown  to  be  wholly  or  partially  inadequate.  The  present  monitor 
system  serves  to  overcome  the  problems  in  other  measurement 
systems. 

One  method  that  has  been  used  is  simply  visual  observation,  by  a 
human  or  by  video  camera.  This  method  is  inadequate,  partly 
because  only  motion  slow  enough  and  large  enough  to  be  distin¬ 
guishable  by  the  human  eye  can  be  observed.  Slow-motion  replay 
(video-tape)  can  reveal  faster  or  minute  changes,  but  this  replay 
method  cannot  provide  real-time  observation  and  can  be  an 
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extremely  slow  and  teaious  process.  Furthermore,  in  order  to  obtain 
actual  spatial  measurements  of  guidance  actuator  position,  one 
would  have  to  develop  a  rather  complex  calibration  scheme. 

Another  method  that  has  been  used  is  the  probing  of  the  output  cir¬ 
cuits  that  provide  the  guidance  actuator  commands.  This  method 
can  provide  very  detailed  and  accurate  data  because  the  data  indi¬ 
cate  the  exact  commands  that  are  received  by  the  guidance  actua¬ 
tors.  This  method  is  inadequate  however,  partly  because  probing  of 
the  missile's  circuitry  can  inadvertently  cause  loading  of  the  circuit 
and  hence  affect  the  operation  of  the  circuitry.  Also,  if  metallic  cables 
are  used  as  a  conduit  for  probe  data,  the  possibility  exists  that  the 
EM  environment  and/or  the  missile's  topology  could  be  corrupted. 
Fiber  optics  is  another  probing  method  that  could  be  used,  but  the 
circuit  loading  problem  remains  and,  likewise,  fiber-optic  transmit¬ 
ters  can  affect  the  missile's  topology. 


3.  Test  Configuration 

The  non-intrusive  missile  control  surface  monitor  system  was  used 
to  monitor  the  control  surfaces  of  a  missile  while  undergoing  EM 
testing.  The  exact  test  configuration  can  be  seen  in  figure  1.  Four 
independent  channels  monitored  the  movements  of  the  four  control 
surfaces  of  the  missile  under  test.  The  monitor  system  used  lasers, 
photoelectric  transducers,  and  a  semi-transparent  shaded  grey  scale 
to  detect  the  movement  of  a  missile's  control  surfaces.  The  grey  scale 
varied  from  light  to  dark  across  its  1-in.  width.  The  semi-transparent 
grey  scale  was  framed  to  form  a  rigid  window  and  attached  to  the 
control  surfaces.  A  remotely  located  laser  source  was  positioned  to 
cause  the  generated  light  beams  to  impinge  on  the  center  of  the  win¬ 
dows.  Remotely  located  light  detectors  were  positioned  to  receive 


Figure  1.  Test 
configuration. 
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the  light  beams  passing  through  the  windows  and  the  detected  light 
intensities  were  input  to  a  strip  chart  recorder.  As  the  control  sur¬ 
faces  were  caused  to  move,  by  whatever  means,  the  light  beams 
received  by  the  detectors  varied  in  intensity  as  a  function  of  attenua¬ 
tion  afforded  by  the  grey-scale  windows.  The  attenuation  of  light 
was  a  direct  function  of  the  movement  of  the  windows  and  hence 
the  control  surfaces.  By  pre-measuring  the  light  intensity  for  various 
spatial  positions  of  the  control  surfaces,  we  could  have  calibrated  the 
monitor  system  and  the  resultant  data  would  have  indicated  the 
actual  spatial  position  of  the  moveable  actuator. 

Shielding  was  incorporated  into  the  entire  monitor  system  to  pre¬ 
vent  unwanted  EM  energy  from  disturbing  the  laser  source  and  the 
detectors.  The  lasers  were  housed  inside  of  a  wave-guide-beyond- 
cutoff  and  the  power  supply  and  cables  enclosed  in  a  metal  shield  or 
covered  with  braid.  Likewise,  the  detectors  were  enclosed  in  a  metal 
shield  and  double  shielded  cable  used  to  output  the  signal  to  the 
measurement  system. 

A  simulator  was  interfaced  with  the  missile  under  test  to  move  the 
missile  control  surfaces  at  a  set  pattern  and  rate.  The  output  of  the 
monitor  system  was  then  compared  to  the  simulator  output. 


3.1 


Laser  System 

The  primary  component  of  the  monitor  system  was  the  visible  diode 
lasers.  The  lasers  that  were  used  for  the  test  had  the  following 
manufacturer's  specifications. 


Laser  type 
Output  power 
Wavelength 
Size 

Beam  divergence 
Beam  diameter 
Laser  diode  life 
Warranty 
Dimensions 


Visible  laser  diode 
3  or  5  m  W 
670  nm  deep  red 

80%  of  beam  intensity  in  1  in^  @  50  ft 
Typically  1.5  mrad 
Typically  4  x  0.6  mm 
100,000  hr 

One-year  limited  warranty 

0.560  in.  D  x  1.125  in.  L  (14.7  x  28.5  mm) 


The  lasers  used  for  this  test  had  a  pow°r  output  of  3  mW.  The  lasers 
were  positioned  approximate!}  .  3’-*  the  detectors,  which  re¬ 

lated  to  a  spot  size  on  the  shaded  o*  ,  e  of  about  1  /2  in. 


3.2  Detectors 

The  detectors  used  to  measure  the  light  intensity  of  laser  sources 
were  based  on  an  NTE3031,  NPN-silicon  phototransistor.  Table  1 
shows  the  manufacturer's  specifications. 
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Table  1.  NTE3031,  NPN>silicon  phototransistor  specifications  (visible  and  IR). 


Characteristics 

Ughi 

current 

Dark 

current 

Collector 

breakdown 

Emitter 

breakdown 

Saturation 

voltage 

Light  current 
rico  time^^) 

Test  condition 

*Vc£  =  5V 

V^£  as  shown 

/(-  =  100  pA 

/£  =  100  pA 

Iq  s  0.4  mA 

R£  =  1000 

Vcc  =  5V 

/^  =  1  mA 

Symbol 

k 

h 

B'^CEO 

^^ECO 

^CE(sat) 

*r 

Units 

mA 

nA 

V 

V 

V 

ps 

min 

max  @  Vpp 

min 

min 

typ 

typ 

1.0 

100  @10 

30 

5 

0.2 

6 

Absolute  maxiinum  ratings  (25”C  free>air  temperature  unless  otherwise  noted) 

Collector-emitter  voltage  30  V 

Emitter-collector  voltage  5  V 

Continuous  device  dissipation  at  (or  below) 

25®C  free-air  temperature  150  mW^^) 

Operating  free-air  temperature  range  -55®C  to  125®C 
Storage  temperature  range  -65®C  to  150®C 

Load  soldering  temperature  (3  min)  260®C 

^Angular  response  is  defined  as  the  total  included  angle  between  the  half  sensitivity  points,  and  assuming  a  point  source. 
^Derate  linearly  from  2S"C  free-air  temperature  at  the  rate  of  1.43  mW/'C. 

^The  base  is  connected  on  the  NTE3031  standard  product. 

*Measured  with  a  tungsten  filament  lamp  operated  at  a  color  temperature  of 2875  K  with  a  radiation  flux  density  of  5  mW/cn^. 


The  NTE3031  phototransistor  was  built  into  the  circuit  shown  in  fig¬ 
ure  2.  The  circuit  works  in  this  way:  The  light  intensity  coming  from 
the  laser  source  enters  the  phototransistor  base  and  biases  the  tran¬ 
sistor  into  the  active  region.  Current  flow  is  initiated  through  Rl, 
which  generates  a  voltage  potential  at  the  measurement  point  pro¬ 
portional  to  the  incoming  light  intensity  from  the  laser.  Linearity  is 
achieved  through  the  proper  biasing  of  the  NT3031  phototransistor, 
by  either  attenuating  the  incoming  light  intensities  or  through 
applying  voltage  across  an  additional  base  lead.  The  additional  base 
lead  can  be  used  for  biasing  the  phototransistor  when  the  light 
intensities  are  not  large  enough  to  push  the  phototransistor  into  the 
active  region.  The  measurement  point  is  connected  to  a  series  of 
inductors  and  capacitors,  which  forms  a  low-pass  filter.  The  filter 
was  added  to  the  detector  circuit  to  help  eliminate  noise  above 
2  kHz,  which  was  found  to  be  characteristic  of  the  3-mW  lasers 
being  used.  The  filter  was  designed  to  have  a  break  frequency  of  ap¬ 
proximately  1  kHz  and  to  be  -35  to  -40  dB  down  at  about  3  to  4  kHz. 
Figure  3  is  a  sweep  of  the  filter  using  a  network  analyzer. 
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Figure  2.  Detector 
schematic. 
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Figure  3.  Filter 
response. 


3.3  Shaded  Grey  Scale 

A  computer-generated  transparency  made  up  the  shaded  grey  scale. 
Several  grey  scales  were  tried,  but  the  one  used  for  the  test  was  a 
2400  dots-per-inch  (dpi)  grey  scale  that  varied  from  clear  to  dark  in 
1  in.  We  found  the  resolution  was  critical  to  making  the  monitor  sys¬ 
tem  work.  Grey  scales  of  various  resolutions  under  1200  dpi  were 
tried  and  eliminated.  We  found  that  the  resolution  of  the  grey  scale 
was  directly  related  to  noise  in  the  voltage  measurement,  because  of 
the  makeup  of  the  grey  scale.  The  grey  scale  was  simply  an  array  of 
dots  that  were  spaced  according  to  the  resolution  used.  As  the  grey 
scale  was  moved  in  concert  with  the  control  surfaces,  the  detector 
measured  the  light  attenuated  by  the  grey  scale,  as  well  as  the  light 
between  each  of  the  dots  that  was  not  attenuated.  This  resulted  in 
voltage  spikes  riding  on  the  measured  waveform.  When  less  than 
1200-dpi-resolution  grey  scales  were  used,  the  chart  recorder  meas¬ 
urements  resulted  in  a  waveform  that  appeared  to  be  noisy. 
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4.  Test  Results 


Numerous  measurements  were  taken  with  the  laser  monitor  system, 
as  described  in  section  2.  Two  samples  of  the  measurements  taken 
are  shown  in  figures  4  and  5.  Figure  4  shows  one  channel  of  the 
baseline  measurement  with  no  EM  stimulus.  The  missile  control  sur¬ 
faces  were  being  driven  at  a  lOO-Hz  rate,  hard  over.  Figure  5  shows 
one  channel  with  the  EM  stimulus  at  the  time  indicated.  The  data 
show  a  noticeable  difference  in  both  the  frequency  and  the  ampli¬ 
tude  during  the  EM  event.  The  monitor  system  effectively  moni¬ 
tored  the  EM  effects  induced  in  the  missile. 


5.  Conclusions  and  Recommendations 

A  novel  method  for  monitoring  the  movement  of  guidance  actuators 
has  been  demonstrated.  The  present  method  has  been  shown  to  be  a 
non-intrusive,  highly  effective  monitor  system.  By  using  the  present 
method  in  association  with  EM  susceptibility /vulnerability  testing, 
one  can  be  assured  that  the  test  object  and  the  EM  environment  are 
not  corrupted  by  the  present  monitor  system. 

The  monitor  system  provides  data  in  the  form  of  movement  (light 
intensity)  as  a  function  of  time.  Therefore,  the  resultant  data  can 
indicate  the  spatial  position  of  a  guidance  actuator  over  time.  From 
these  data,  one  can  determine  all  required  guidance  actuator  charac¬ 
teristics,  including  position,  speed,  frequency,  angular  displace¬ 
ment,  etc. 


Figure  4.  Baseline  data. 


The  monitor  may  be  used  to  observe  all  movements  of  a  guidance 
actuator,  whether  intended  or  induced.  The  monitor  is  inexpensive, 
yet  highly  effective.  The  only  limitations  in  performance  are  affected 
by  laser  spot  size,  response  time  of  the  photoelectric  transducer, 
grey-scale  window  size,  and  the  grain  of  the  grey-scale  shading. 
Although  alignment  of  the  laser-window-transducer  is  a  critical  and 
sometimes  tedious  procedure,  once  aligned,  the  monitor  can  per¬ 
form  extremely  well.  The  present  method  is  superior  to  previous 
methods  where  EM  testing  is  employed. 

The  present  monitor  may  be  used  to  monitor  the  movement  of  any 
structure  as  long  as  the  structure  is  large  enough  for  the  attachment 
of  a  grey-scale  window.  The  only  further  limitations  are  affected  by 
the  state  of  technology  in  lasers  and  photoelectric  transducers. 

It  is  highly  desirable  to  provide  a  grey  scale  that  is  a  true  analog 
print  quality  graduation  from  light  to  dark.  In  this  way,  light  beam 
noise  would  be  minimized  and  extremely  accurate  measurements  of 
spatial  position  could  be  made.  Currently,  the  light  beam  is  dif¬ 
fracted  by  the  dots  composing  the  grey  scale,  causing  noise  and  lim¬ 
iting  spatial  resolution. 
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